Visual and auditory stimuli of high social and ecological importance are processed in the brain by specialized neuronal networks. To date, this has not been demonstrated for olfactory stimuli. By means of positron emission tomography, we sought to elucidate the neuronal substrates behind body odor perception to answer the question of whether the central processing of body odors differs from perceptually similar nonbody odors. Body odors were processed by a network that was distinctly separate from common odors, indicating a separation in the processing of odors based on their source. Smelling a friend's body odor activated regions previously seen for familiar stimuli, whereas smelling a stranger activated amygdala and insular regions akin to what has previously been demonstrated for fearful stimuli. The results provide evidence that social olfactory stimuli of high ecological relevance are processed by specialized neuronal networks similar to what has previously been demonstrated for auditory and visual stimuli.
Introduction
Ever since early anatomists labeled humans as microsmatic animals (Broca 1888; Zwaardemaker 1895) , there has been a common misconception among scientists and laymen alike that humans have a poorly developed sense of smell. Comparisons among species demonstrate that humans are more sensitive than new world monkeys to an odorant derived from the human body (Laska et al. 2006 ). This lends support to the theory that the behavioral relevance of an odor may be an important determinant of a species' olfactory ability (Laska et al. 2005) . In other sensory modalities the behavioral relevance of the stimulus in question has been demonstrated to be an important determinant of specialized neuronal processing. Stimuli that have high significance for the individual, by signaling recurrent threats or other important behavioral factors, seem to be ''tagged'' for priority processing (Ohman et al. 2001) . Stimuli such as faces (Morris et al. 1998) and the cries of infants (Seifritz et al. 2003 ) are processed differently from perceptually comparable stimuli that are considered by the individual to be of limited behavioral relevance. These so-called evolutionary relevant stimuli recruit additional cortical and subcortical areas that are not commonly active in response to stimuli with low evolutionary relevance. In line with this notion, behaviorally relevant olfactory stimuli, such as our body odor, could be hypothesized to recruit nonolfactory structures to a higher degree than comparable and perceptually similar common odors.
That humans are highly accurate at identifying individuals based solely on their body odors has been known for some time (Wallace 1977) . In fact, humans are able to use signals conveyed in body odor to make accurate kin--nonkin judgments (Weisfeld et al. 2003) and to detect minute differences in genetic composition of unknown individuals (Jacob et al. 2002) . It has even been suggested that signals communicating emotions are held within body odors (Chen and Haviland-Jones 1999) . Together, these studies suggest that the complex mixture constituting human body odors is a stimulus of high ecological importance for humans. Moreover, due to their complex signal contents, it seems likely that body odors are processed differently than common odors. Although a substantial number of studies have investigated the underlying mechanisms of olfactory processing of human body odor behaviorally, only a few have tried to assess how the brain processes body odors. Recent studies based on overall cortical activation by electroencephalography have demonstrated that our brains treat individual body odors differently depending on their origin (Pause et al. 1999 (Pause et al. , 2006 . Body odors originating from oneself receive preferential processing compared with those from others (Pause et al. 1999) . Our brains seem so finetuned to body odors that even minute differences in immunochemistry between individuals influence the processing of them (Pause et al. 2006 ). However, no study to date has tried to map the neuronal substrates of body odor processing.
We sought to determine the neuronal substrates of body odor processing using H 2 O 15 positron emission tomography imaging while women smelled body odors originating from different individuals. Each subject and one of her close longtime friends slept alone for 7 consecutive nights in a t-shirt that had cotton nursing pads sewn into the armpits, which collected and preserved their body odors while shielding them from external odor sources. The 15 participating women were scanned while they smelled the body odors from themselves, their friends, or a stranger; all women. In addition, they smelled a mixture consisting of common odors not found in human underarm sweat, but with similar perceptual characteristics, and, in a baseline condition, a clean odorless nursing pad. This constellation of stimuli allowed us to determine the neuronal substrates of body odor processing and the influence that body odors originating from specific individuals might have on this processing. Further, it allowed us to determine whether odors with high ecological and social importance are processed differently than odors of lower importance.
Materials and Methods

Participants
Fifteen healthy, right-handed, nulliparous, nonsmoking women (mean age 23 years; standard deviation [SD] ± 2.9; range 18--28 years), recruited from the university's student body, with an absence of nasal congestion, sinus infection, allergies, or decreased olfactory function, underwent positron emission tomography (PET) imaging (see Supplementary Material for additional information). Only women who described themselves as exclusively heterosexual participated in the study, either as ''full participants'' or odor donors. This exclusion criterion was used because preference for body odors is influenced by both gender and sexual orientation (Martins et al. 2005) , and including men in the study would require a large number of participants. Detailed written informed consent was obtained from all participants prior to enrollment, and all aspects of the study were performed in accordance with the Declaration of Helsinki for experimentation with human subjects. Participants and odor donors were rewarded upon completion of the study with a total of $130 and $30, respectively, and the experimental protocol was approved by the Montreal Neurological Institute (MNI) and Hospital's Research Ethics Board.
Odor Stimuli
Body odors were collected from each participant and her long-time close friend (mean length of friendship, 60 months). To collect the body odors, each participant and odor donor slept for 7 consecutive nights in a tight cotton t-shirt with cotton nursing pads sewn into the underarm area. The t-shirts were used to prevent the cotton pads from being contaminated by external odor sources and to ensure a close fit of the pads in the armpits. The t-shirts were stored in a closed ziplocked bag at all times when not worn in bed. All odor donors followed strict instructions that regulated their personal hygiene and diet to ensure that the pads were not contaminated (see Supplementary Material for a detailed description). After behavioral testing, as described below, the pads were sealed in individual odor-free freezer bags and deep frozen (-80°C) until the day of scanning to prevent degradation of the stimuli. The odor control mixture consisted of cumin oil, anise oil, and indole (see Supplementary Material for a detailed description). A 10% v/v concentration of this mixture was applied to identical nursing pads and subjected to the same storage procedure as the pads containing body odors.
Behavioral Testing Session
Participants returned the t-shirts on the morning of the eighth day, and the pads were removed from the shirts and used for behavioral testing before being deep frozen. That all participants possessed a functional olfactory sense was determined using a 5-item olfactory identification test (Hummel et al. 2001) . All subjects had 4 or more correct identifications. The ability to identify individual body odors was assessed in a counterbalanced order using a psychophysical testing paradigm. A 3-alternative, no feedback forced-choice task with 9 repetitions for each body odor category, with body odors from strangers as foils, was administered. In addition, the agreement between participants' conscious experience and behavioral performance in the aforementioned task was tested using a confidence assessment task. On each individual trial, participants rated their confidence that they had selected the correct response, using a visual analog scale ranging from 30% (guessing) to 100% (totally sure). Olfactory sensitivity for phenyl ethyl alcohol was assessed using the Sniffin' Sticks threshold test (Hummel et al. 1997) at the end of the behavioral session.
PET Scanning Session
The PET session consisted of 5 odor conditions (odor-free Baseline, Odor control, Self [BO], Friend [BO], and Stranger [BO]), each presented twice in a pseudo-randomized order, yielding a total of 10, 60-s scans. Participants were informed that all body odors within each scan would originate from the same identity category. Special care was taken to assert that body odors in the category Stranger had not been presented to the participant during the aforementioned behavioral testing to prevent familiarization with the odor. The cotton pads were positioned inside large-mouth glass bottles and presented during scanning by placing the bottle approximately 10 mm under the participant's nose. Stimulus onset was 10 s prior to bolus onset and ended approximately 10 s after scanning termination. Stimuli were presented for 3 s with 5 s interstimulus intervals, yielding a total of 10 stimulus presentations for each condition. Scanning was performed with eyes open so that the participants could synchronize their breathing with the onset of the stimulus presentation. Participants were instructed to focus on a mark located inside the scanner directly above their heads, and to breathe normally and consistently throughout all scans regardless of the valence or intensity of the stimuli. To ensure that they focused on the presented stimuli, participants indicated with a mouse click after each presentation whether the stimulus was perceived as stronger or weaker than the previous one. To prevent sniffing behavior that might activate cortical areas associated with olfactory search (Zelano et al. 2005) , participants were informed when a blank stimulus would be presented (odor-free Baseline) and were instructed to respond with a random click during each stimulus presentation in that condition. Breathing was monitored with breast and abdominal respiratory belts. No significant differences in breathing were observed between scans. Following each scan, subjects were asked to rate the stimulus for perceived pleasantness and intensity using a 10-point visual analog scale. A minimum of 10 min occurred between each scan to allow for the preparation of the isotope by the cyclotron and to prevent olfactory adaptation.
Acquiring of Images and Data Analyses
PET scans were obtained with a Siemens Exact HR+ tomograph operating in 3-dimensional acquisition mode using H 2 O 15 water bolus. T 1 -weighted structural magnetic resonance imaging (MRI) scans (160, 1-mm slices) were obtained for each subject with a 1.5-T Siemens Sonata scanner to provide anatomical detail. PET images were reconstructed using a 14-mm Hanning filter and processed using normal methods (Zatorre et al. 1999) . Statistical imaging analyses were done using the in-house program ''DOT,'' described in detail elsewhere (Worsley et al. 1992) . The presence of significant changes in cerebral blood flow (CBF) was established on the basis of an exploratory search for which the t value criterion was set at >3.5. This value corresponds to an uncorrected P value of <0.0002 for a whole-brain search volume. Due to the conservative nature of conjunction analyses (Nichols et al. 2005) , we established the presence of significant changes of CBF in the conjunction analysis based on a t value criterion of >3.0, corresponding to an uncorrected P value of <0.001 for a whole-brain search volume.
Results
Behavioral Results
All participating women had a normal olfactory threshold, as indicated by the Sniffin' Sticks normative values. The mean olfactory threshold was 11.52; higher numbers in this test (16 being the maximum value) indicate higher sensitivity. To investigate whether the subjects were able to correctly identify the individual body odors that would be used during scanning, identification performance and individual sensitivity were recorded prior to the scanning session. All participants who were selected to proceed to the scanning experiment were able to identify correctly both their friend's (Friend), t(14) = 4.94, P < 0.01, and their own (Self), body odor, t(14) = 16.00, P < 0.01, above chance in a 3-alternative, no feedback forcedchoice task with 9 repetitions for each category using body odors from strangers as foils ( Fig. 1A) . Anecdotal evidence has indicated that conscious awareness of identification performance of individual body odor is low, which has been taken as indicative of nonconscious processing. To explore this issue, our participants were asked to assess their confidence in the accuracy of their identifications after each trial. To evaluate the agreement between subjects' conscious judgment and their behavioral performance on the identification task, an Over or Underconfidence score (O/U) was calculated. Confidence is commonly measured as the relationship between the mean subjective probability of being correct, P, to that of the actual proportion of correct discriminations, C (Bjorkman et al. 1993) . This difference, P -C, is expressed as an O/U score. Responses are said to be calibrated to the extent that the proportion of correct choices matches the subjective probability. In this experiment, there was a dissociation between participants' confidence in the 2 body odor categories. They were largely underconfident in their ability to discriminate the Self body odor correctly, O/U = -0.21, whereas they were well calibrated in their ability to identify the Friend body odor, O/U = -0.01 (Fig. 1B ).
There were no significant differences between the grouped body odors and the Odor control in either perceived pleasantness (4.8, SD ± 0.30 and 4.4, SD ± 0.43, respectively), t(14) = 0.73, P ns (nonsignificant), or intensity (5.0, SD ± 0.33 and 5.7, SD ± 0.45, respectively), t(14) = 1.48, P ns, indicating that the 2 odor categories were perceptually similar. This was further supported by the fact that only 5 participants were able to correctly label the Odor control as a nonbody odor during scanning. The body odors forming the category Strangers originated from the body odors that were presented as Friend or Self to other participants, that is, the Strangers odors were chemically identical to the Friend and Self odors. This unique design allowed us to infer whether subjective ratings of the individual body odor categories could be influenced by category origin of the odor alone rather than the chemical structure. Interestingly, there were significant differences in how the individual body odors were perceived. Repeatedmeasures analysis of variance with Bonferroni post hoc tests indicated that the body odor from the Stranger (intensity 5.9, SD ± 0.43; pleasantness 4.03, SD ± 0.34) was perceived as both more intense (all ts > 2.84, all Ps < 0.01) and less pleasant (all ts > 1.97, all Ps < 0.05) than the other 2 categories. There were, however, no significant differences in either perceived intensity or pleasantness between Self (intensity 4.6, SD ± 0.40; pleasantness 5.1, SD ± 0.39) and Friend (intensity 4.5, SD ± 0.44; pleasantness 5.3, SD ± 0.44) body odors. We did not statistically assess participants' performance in identifying each type of body odor inside the scanner due to the small number of stimulus repetitions during scanning.
Body Odor Processing
To evaluate the neuronal substrates of body odor processing, we contrasted all body odor conditions (Stranger, Friend, and Self) with the Baseline condition (clean nursing pad). Increased regional CBF (rCBF) was observed in posterior cingulate cortex, posterior occipital gyrus, dorsal postcentral gyrus, and bilaterally in the angular gyrus ( Supplementary Table 1a ). Interestingly, although these stimuli had a clear olfactory percept, no activation above threshold was observed in regions commonly associated with olfactory processing, such as the piriform or the orbitofrontal cortex (Zatorre et al. 1992; Savic et al. 2000) . In fact, Body odors deactivated (Baseline vs. Body odors) anterior parts of the orbitofrontal cortex (Fig. 2 ). However, when assessing rCBF activation of the perceptually similar Odor control compared with the Baseline condition, activations above threshold were observed in dorsal postcentral gyrus, the middle orbitofrontal cortex and a just below threshold activation (P = 0.002 by global contrast) in the piriform cortex ( Supplementary Table 1b ). The latter 2 regions are often labeled as secondary and primary olfactory cortex, respectively (Zatorre et al. 1992; Savic et al. 2000) .
A common activation in the 2 previous contrasts was the postcentral gyrus, an area that has been implicated in the neuronal processing of odors that activate the trigeminal nerve (Boyle et al. 2007 ). Because both odor categories were perceived as slightly irritating by the pilot group (Supplementary Material) who initially helped us choose a suitable concentration of the Odor control, one might postulate that Body odors and the Odor control both activated the somatosensory system by virtue of their pungent percept. To control for this and to investigate more thoroughly the processing differences between body odors and common odors with a similar percept, 2 additional computations were performed. First, we contrasted body odors against the odor control, revealing that body odors activated the posterior cingulate cortex, occipital gyrus, cuneus, angular gyrus, and the presupplementary motor area (pre-SMA) to a greater extent than did the odor mixture ( Supplementary Table 1c ). We then performed a conjunction analysis to explore regions that were commonly activated in the 2 body odor contrasts (Body odors vs. Baseline + Body odors vs. Odor control). Conjunction analyses yield activations that are consistently found in all individually included images within contrasts, whereas subtraction analyses rely on the average contrast only (Nichols et al. 2005 ); hence, a conjunction analysis is a more conservative measure of the variable of interest. Increased rCBF above threshold was observed in the posterior cingulate cortex extending into the retrosplenial cortex, occipital gyrus, and angular gyrus. In addition, activation just below threshold was present in the dorsal medial anterior cingulate cortex and the contralateral angular gyrus ( Fig. 3 and Table 1 ). To control for the possibility that the activation in the occipital cortex was mediated by visualization following correct identification of the body odor, we examined specifically scans where the participants were exposed to the body odor from their friends and themselves. This analysis was performed under the assumption that subjects would not try to visualize an individual when smelling either a believed stranger or a believed common odor. The normalized rCBF values from the peak activation in the aforementioned occipital region were extracted, and scans in which subjects had correctly identified their friends and/or themselves were compared with scans in which the odors were incorrectly identified as strangers or nonbody odors. There was no significant difference in rCBF ( Supplementary Fig. 1 ) when subjects correctly identified the body odor compared with when they did not, as assessed by a 2-tailed independent samples Student's t-test, t(28) = 1.11, P ns. Further, to investigate the consistency of this activation, we explored how many participants demonstrated an increase at the occipital gyrus coordinate in the contrast Body odors versus Baseline using a 5 mm volume of interest (VOI) search sphere. The location of the activation in the occipital cortex was very consistent across individuals, and only 4 participants did not demonstrate a marked increase in rCBF when smelling body odors. These 4 individuals did, however, show a marked increase in rCBF at a location just anterior to the group averaged coordinate.
Processing of Individual Body Odors
We also explored whether neuronal processing differed according to the relationship categories of the individual body odors. Contrasting each body odor category against Baseline did not produce different results than the combined Body odor analyses presented above ( Supplementary Table 2a --c). We then contrasted individual body odor categories with each other. Contrasting the condition of smelling an unknown body odor (Stranger) to that of smelling a known body odor (Friend) yielded significant rCBF increases in the precuneus, ventral insula, and the inferior frontal gyrus. Interestingly, there were also subthreshold activations in the substantia innominata/ amygdala ( Supplementary Fig. 2, Table 1b ). Reversing the contrast, that is, smelling Friend versus Stranger, yielded a different pattern. A significant increase in rCBF was detected in the postcentral gyrus and extended into the precentral gyrus, occipital gyrus, transverse occipital sulcus extending into the retrosplenial cortex, and the pre-SMA (Table 1c) . These latter regions have previously been implicated in studies investigating imagery (Djordjevic et al. 2005) . Thus, to explore whether this activation pattern was mediated by degree of familiarity, we regressed the length of friendship with the activation of smelling Friend versus Baseline using a voxel-wise whole-brain regression analyses. Duration of friendship was correlated only with increased rCBF in the right anterior occipitotemporal cortex (Fig. 4) in close proximity to the extrastriate body area (EBA) (Downing et al. 2001) . The EBA has previously been implicated in processing information related to the human body (Downing et al. 2001) . One might speculate that the longer the participant had known her friend, the more likely she would be to recognize the friend's body odor, thus recruiting this area more. However, there was no 
Figure 2. A statistical parametric map (t statistics as represented by the color scale)
showing group averaged rCBF response showed to the processing of body odors (contrast Baseline vs. all Body odors) superimposed on group averaged anatomical MRI. Yellow circles mark decreased rCBF in bilateral anterior orbitofrontal cortex (x, y, z MNI coordinates: À27, 58, À11; t 5 À4.1 and 25, 58, À13; t 5 À3.9).
Coordinates denote slice expressed according to the MNI world coordinates system. Left in figure represents left side (L).
correlation between length of friendship and ability to detect the friend's body odor in the screening session, as assessed with a 2-tailed Pearson correlation analyses, r(15) = 0.28, P ns. In addition, when normalized rCBF values extracted from scans in which the subjects were able to correctly identify their friends were compared with scans in which they were not, no significant difference was found between the levels of rCBF, as shown by an independent samples Student's t-test, t(28) = 0.35, P ns. Hence, the response was not dependent on conscious awareness of stimulus identity. Lastly, we assessed the neuronal processing of the odor of ''Self'' by contrasting the scans in which participants smelled Self body odor to those when smelling Friend-both known odors. Interestingly, no above-threshold activations were found in this contrast.
Discussion
Neuronal Correlates of Body Odor Processing
It is known that visual stimuli with high behavioral relevance for the individual receive preferential processing. Here, in concordance with the emerging view that endogenous odors are of high ecological relevance, we have demonstrated for the very first time that body odors are processed differently than perceptually similar common odors. Body odors activated a network consisting of the posterior cingulate cortex, occipital gyrus, angular gyrus, and the anterior cingulate cortex, none of which is believed to be related to olfactory processing. However, together they form an interesting pattern. Posterior cingulate cortex is known to be active in response to emotional stimuli (Maddock 1999; Cato et al. 2004) , whereas the anterior cingulate cortex is believed to regulate attentional efforts (Botvinick et al. 1999) . It is thus possible that the processing of body odors is similar to what previously has been demonstrated for highly emotional stimuli, such as visual images of snakes (Fredrikson et al. 1995) , where the posterior cingulate cortex works in concert with the anterior cingulate cortex to determine and process these emotional stimuli. Although we are not able to infer a causal direction between these 2 emotions, it is possible that by virtue of their emotional load (Chen and Haviland-Jones 1999) , body odors receive not only differential treatment compared with common odors, but also heightened attention. Seen from an evolutionary perspective, stimuli signaling important information or related to recurrent survival threats might have been selected by evolutionary pressure to receive preferential processing in a direct access to emotional and attentional centers of the brain. The angular gyrus is strongly linked to the creation of a visual body construct. Disruption or enhancement of the neuronal signal in the angular gyrus is known to either abolish or alter the percept of a body (Blanke et al. 2002 (Blanke et al. , 2004 Arzy et al. 2006) . We are not able to make inferences to other sensory modalities based on this experiment alone; however, based on the strong dissociation in activation of the angular gyrus between the body odors and the perceptually similar common odors, especially in comparison with what has previously been demonstrated for visual stimuli (Blanke et al. 2002 (Blanke et al. , 2004 Arzy et al. 2006) , it is tempting to suggest that the angular gyrus serves as an important node in a modalityindependent network responsible for forming the basic percept of a human body in the present-the body construct.
Interestingly, there were no above-baseline activations of areas traditionally viewed as olfactory regions (piriform cortex and orbitofrontal cortex) when participants smelled body odors. Although the orbitofrontal cortex was activated when smelling the Odor control, the perceptually similar Body odors strongly deactivated large areas of the anterior orbitofrontal cortex, an area reported to process common odors (Sobel et al. 2000; Poellinger et al. 2001; De Araujo et al. 2003; Sabri et al. 2005) , without activating the middle orbitofrontal cortex. Similarly, no activation above baseline was seen in the piriform cortex, an area commonly viewed as the primary olfactory cortex, when smelling body odors, although this area was activated for the Odor control. It is not possible to elucidate whether this latter result may be due to the negative control (a clean cotton pad smelling weakly of cotton). As previously postulated by Boehm et al. (2005) , our data seem to indicate that endogenous odors are not processed by the secondary olfactory cortex. This is indicative of an early separation of odor processing dependent on the odor's signaling value, similar to what has been demonstrated for the visual system. It is important to note that in this study, we are only able to demonstrate the neuronal substrates of women smelling women's body odors. Others have reported that women smelling the male endogenous compound androstadienone activated only the hypothalamus and not the primary or secondary olfactory areas (Savic et al. 2001) . Although one might assume that the basic neuronal processing of body odors would not exhibit a vast sex difference, we are not inferring that the results reported here are generalizable to men's processing of body odors. Whether endogenous odors are processed primarily by other, nonolfactory, cortical areas in humans, as indicated by the lack of activation, or whether there are sex differences in these processes remains to be determined.
The Odor control condition activated a region associated with higher odor processing, the middle orbitofrontal cortex. A recent study demonstrated that changing the labeling of a binary mixture of common odors from ''body odor'' to ''cheddar cheese'' led to an increased activation due to the labeling, rather than the individual odorants, primarily in the middle orbitofrontal cortex (De Araujo et al. 2005) . The authors suggested that this activation was formed by the judgment of perceived pleasantness, a conclusion that is supported by previous studies (Royet et al. 1999) . To determine whether the activation in this region was mediated by a hedonic perception in the present study, we regressed pleasantness ratings against the rCBF values in the global contrast Odor control versus Baseline. There was, however, no above threshold correlation between pleasantness ratings and rCBF values in the orbitofrontal cortex. An alternate explanation to this activation might be mixture processing. A recent study from our lab indicates that an area of the orbitofrontal cortex in close proximity to what we report here is specifically involved in the processing of binary odor mixtures (Boyle et al. 2006 ). This region was activated while subjects smelled an odor mixture, but not while they smelled a single odorant, indicating a mixture identification mechanism. Because the Odor control in that study was a mixture consisting of 3 individual odors, one might speculate that parts of the orbitofrontal cortex process mixtures per se, rather than responding uniquely to binary mixtures. Although this remains to be elucidated, the lack of correlation between pleasantness and rCBF values lends support to the notion that the activation in this area occurred as a response to the mixture that was used as an odor control.
The occipital cortex, an area commonly associated with visual processing, was activated in all body odor contrasts. Subjects were scanned with their eyes open in all conditions, and there were no visual differences in how the stimuli were presented. In other words, the visual input for each trial should have been essentially identical, which is supported by the consistency of the finding across participants. The activation of the occipital cortex is a common finding in olfactory neuroimaging studies (Small et al. 1997; Royet et al. 1999 Royet et al. , 2001 Qureshy et al. 2000; Zatorre et al. 2000; Murphy 2001, 2006; Djordjevic et al. 2005; Plailly et al. 2005 Plailly et al. , 2006 . This indicates that the activation of the occipital cortex cannot be attributed to the processing of body odors per se (or an attempt to visualize the stimuli, as demonstrated in this experiment); rather, the activity probably represents some additional processes elicited by the odorous stimuli. A review of the aforementioned articles reporting visual activation demonstrates no obvious common variable other than the use of olfactory stimuli. Determining whether the recruitment of cortical areas commonly associated with visual processing is mediated by the odor processing itself or is dependent on higher cognitive processes should be the focus of future studies.
Neuronal Correlates of Smelling a Stranger
Smelling a stranger's body odor evoked cortical activations similar to what previously has been reported when viewing masked fearful faces (Whalen et al. 1998) . Inferior frontal gyrus and the amygdala have both been linked in several studies to the processing of negative emotional stimuli (Morris et al. 1998; Whalen et al. 1998; Yamasaki et al. 2002) . The percept of a novel body odor that has not been encountered before thus seems to activate similar emotional processes that have been previously demonstrated for visual stimuli. This finding supports the view that amygdalar responses to emotional stimuli are not modality specific (Calder et al. 2001) . Further, this lends additional support to the view that endogenous odors, which have high social and ecological importance, are processed differently than perceptually comparable common odors.
That body odors from strangers seem to evoke more negative emotions than those from friends was further supported by the perceptual ratings. When functioning as a Stranger, body odors were consistently rated as more intense and less pleasant than when functioning as a Friend, that is, a body odor was rated differently depending on its relationship to the individual doing the rating. This is a particularly nice feature of the design and indicates that the neuronal responses reported above are not due to the chemical composition per se; rather, the difference in ratings is most probably mediated by the implicit threat produced by the presence of a stranger in the immediate vicinity. Moreover, this difference in perceptual ratings might explain the activation of the precuneus and the insular regions. Although the insula has been implicated in recognition of fearful stimuli (Morris et al. 1999 ), a recent study demonstrated a dissociation between these 2 regions. In the study by Morris et al., the amygdala responded selectively to fearful visual stimuli, whereas the insula and the precuneus responded selectively to stimuli evoking disgust (see also Phillips et al. 2004 ). More importantly, the insula has been reported to respond to disgusting, but not pleasant, odors (Wicker et al. 2003) . In light of this, we suggest that the act of smelling a stranger's body odor activates the separate, yet interlinked, feelings of both fear and disgust, or possibly here, loathing (Calder et al. 2001) . This is a sensation that most of us have experienced for sudden visual or auditory stimuli. When exposed to a sudden and novel sound or sight, we experience not only the increase in arousal induced by fear, but also the familiar negative feeling in the gut, a sensation possibly evoked by the extensive anatomical connections between the amygdala and the insula (Amaral et al. 1992) .
Neuronal Correlates of Familiar Body Odors
Smelling a friend activated a network consisting of areas surrounding the central sulcus, occipital cortex including posterior parts of the retrosplenial cortex, and the pre-SMA. These areas are not analogous to those commonly reported when viewing familiar visual stimuli. However, Shah et al. (2001) recently reported that the posterior retrosplenial cortex was uniquely involved in coding modality-independent processing of familiar voices and faces. An activation just below significance was also observed in the premotor cortex. In light of this, we suggest that the activations observed when participants were stimulated with a long-time friend's body odor represent a network coding for person familiarity akin to the network previously suggested by Shah et al. (2001) . Interestingly, duration of friendship was significantly correlated with increased rCBF in the EBA, an area that has been implicated in the processing of information related to the human body (Downing et al. 2001) . To the best of our knowledge, this is the first nonvisual study demonstrating that the percept of a body activates this area. This indicates that the EBA is responding to body-related stimuli in a modality-independent manner.
Participants were able to identify correctly the body odors of themselves and their friends outside the scanner. However, the independence between rCBF values and the ability to identify the body odor, the subjects' large underconfidence in their ability to identify their own body odor, and the independence between identification of friend's body odor and duration of friendship supports the notion that part of this process is nonconsciously mediated. It is important to clarify that we are not of the opinion that body odor identification is entirely driven by nonconscious processes, nor do we wish to suggest that explicit learning does not play a role. The correspondence between the length of exposure to a body odor, defined by length of the relationship, and the degree of rCBF activation in the EBA clearly indicates that learning does play a role. However, the lack of correspondence between correct identification and rCBF activation in the EBA supports the notion that this is mediated, on some level, by nonconscious processes.
Interestingly, the contrast Self versus Friend did not produce any activations above threshold. The lack of activation for Self in contrast to another individual's body odor might originate from the underlying mechanism of body odor recognition. It has been demonstrated that rodents use self-referent phenotype matching, the so-called armpit effect, when identifying individual body odors (Mateo and Johnston 2000) . In other words, the animal uses its own body odor as a template to assess the identity of an unknown individual. Vogt et al. (2006) recently proposed that the posterior and anterior cingulate cortices are functionally connected. The main responsibility of the posterior cingulate cortex seems to be the processing of emotional stimuli via interaction with the anterior cingulate cortex using ''self'' as reference frame. If this mechanism of body odor identification is also at play in humans, it would explain both the lack of activation in the aforementioned contrast and would put the angular gyrus activation into an interesting context. As previously stated, disruption of activity in the angular gyrus is associated with a distorted selfreferential space. Patients with an epileptic focus in the angular gyrus often report out-of-body experiences or that their percept of other people's bodies is distorted (Blanke et al. 2002 (Blanke et al. , 2004 . The demonstration by Pause et al. (1999) that body odors originating from oneself receive preferential treatment lends further supports to the notion of self-referent phenotype matching. Future studies are needed to determine whether humans identify body odors using self-referent phenotype matching akin to the mechanism demonstrated in other animals.
In conclusion, we demonstrate that body odors are processed differently from perceptually similar common odors by activating regions commonly associated with emotions and with the creation of a basic percept of a human body in the present. In addition to providing the neuronal substrates of processing body odors, a class of olfactory stimuli of high occurrence and ecological interest, this finding is important for several reasons. First, we demonstrate that body odors are indeed processed differently than perceptually similar common odors. These 2 classes of odors are treated differently by the olfactory system. We demonstrate for the first time that body odors are not primarily processed by what are commonly regarded as olfactory cortices, indicating a separation in the processing of odor signals. Second, it seems that the processing of body odors is mostly nonconscious in nature, with limited involvement of explicit learning. This lends support to the emerging view that identification of body odors is an ongoing automatic process that uses self-referent matching with little conscious involvement. Third, we demonstrate for the first time that the amygdala responds to the body odors of a stranger, akin to what has previously been demonstrated for visually masked faces, and that this activation is dependent on the identity of the odor donor rather than on the odor's chemical composition. This might indicate that the amygdala responds to fearful stimuli in a modality-independent manner. Finally, the present results provide evidence that olfactory stimuli of high ecological relevance are processed by specialized neuronal networks similar to what has previously been demonstrated for auditory and visual stimuli.
